The Large Hadron Collider(LHC) has completed its run at 8 TeV with the experiments ATLAS and CMS having collected about 25 fb −1 of data each. Discovery of a light Higgs boson, coupled with lack of evidence for supersymmetry at the LHC so far, has motivated studies of supersymmetry in the context of naturalness with the principal focus being the third generation squarks. In this work, we analyze the prospects of the flavor violating decay modet 1 → cχ 0 1 at 8 and 13 TeV center of mass energy at the LHC. This channel is also relevant in the dark matter context for the stop-coannihilation scenario, where the relic density depends on the mass difference between the lighter stop quark (t 1 ) and the lightest neutralino(χ 0 1 ) states. This channel is extremely challenging to probe, specially for situations when the mass difference between the lighter stop quark and the lightest neutralino is small. Using certain kinematical properties of signal events we find that the level of backgrounds can be reduced substantially. We find that the prospect for this channel is limited due to the low production cross section for top squarks and limited luminosity at 8 TeV, but at the 13 TeV LHC with 100 f b −1 luminosity, it is possible to probe top squarks with masses up to ∼ 450 GeV. We also discuss how the sensitivity could be significantly improved by tagging charm jets.
Introduction

At the end of the 8 TeV run the Large Hadron Collider(LHC) has collected about 25 fb −1 of data and produced the most defining observation since the onset of its operation in 2008. This observation is the finding of a new boson at 125 GeV [1, 2] , which in all its glory seems to behave like the standard model(SM) Higgs boson. However, its true nature will be revealed only after precision measurements of its couplings and spin as well as their comparison with SM predictions. Interestingly, this discovery of the Higgs like boson has galvanized the beyond standard model(BSM) physics hunters in analyzing its impact on various new physics models including supersymmetry(SUSY). The implications of the 125 GeV Higgs on SUSY have been well studied in the literature , and this is sure to continue in the coming days.
The early searches in SUSY, the most popular model among all the BSM options, have focussed, both phenomenologically [35] [36] [37] [38] and experimentally [39, 40] , on the constrained minimal supersymmetric standard model(CMSSM)/minimal supergravity(mSUGRA) [41] [42] [43] [44] [45] [46] . The initial searches probed mainly the gluino (g) and the squarks(q) of the first two generations. The current lower limits on the gluino and the first two generations squark masses in the framework of CMSSM stand at mg > ∼ 1.5 TeV for almost degenerate gluino and squarks and mq > 1. 4 TeV for very high squark masses, [47] [48] [49] .
The LHC constraints on the third generation squarks, stops(t 1,2 ) and sbottoms(b 1, 2 ) are weaker because of the lower production cross-section for a squark pair of a single flavor and are weakened even further when the mass difference between the squark and the neutralino is small. The negative results in the initial searches for the gluino and first two generations of squarks, together with the discovery of a 'light' Higgs boson have prompted consideration of natural SUSY, and hence a light third generation squark as an attractive framework for phenomenological studies.
Natural SUSY [10, 18, [50] [51] [52] [53] [54] [55] is inspired by the observation that the most relevant superparticles responsible for cancellation of quadratic divergences in the Higgs loop corrections are stop quarks. At the loop level the Higgs potential receives corrections from gauge and Yukawa interactions, the dominant part being the top-stop loop. The radiative corrections ( δ m 2 H u ) are quadratically proportional to the third generation left and right soft masses along with the trilinear coupling A t . Thus the trilinear couplings and the soft masses which control the third generation spectrum determine the level of fine tuning required to stabilize the Higgs mass in the theory. Another measure of 'naturalness' is also inspired by demanding that the level of fine tuning among different terms in the relation connecting M 2 Z , µ 2 and the SUSY breaking scale is not high. These considerations thus imply light Higgsinos or light third generation squarks. The natural SUSY spectrum thus requires only a few particles below the TeV scale, the stops and the sbottom, the lighter charginos and neutralinos, and the gluino [10, [54] [55] [56] . These natural SUSY scenarios have been studied in the literature for a wide range of phenomenological models and signatures. Furthermore, the anatomy of lighter third generation superparticles has been well dissected in the literature in terms of models and collider signatures [51, 52, .
Most of these studies, especially in the context of colliders have focused on the decay of lighter stop(t 1 ) and bottom(b 1 ), t 1 → tχ 0 1 and b 1 → bχ 0 1 respectively. It has been observed that the feasibility of these channels depend critically on the mass difference
since it determines the hardness of the final state particles. A large value of ∆m leads to large jet momentum and a sizable missing transverse momentum (p / T ), both of which are imperative to suppress the SM backgrounds. Interestingly in the large ∆m scenario, the use of jet-substructure and top tagging is also an important tool to suppress backgrounds [80, 81] . To alleviate the problem of low mass differences, shape analysis with various kinematic variables have also been considered [71] .
As noted earlier the non-observation of a light sparticle in strongly interacting sector, i.e, a gluino and/or a squark of first two generation, in the sub-TeV regime along with the observation of a light Higgs have prompted ATLAS and CMS to perform dedicated searches for the third generations squarks. Note that, the limits on the masses of the squarks of first two generations using the generic SUSY searches are not applicable to the case of third generation squarks. The dedicated searches look for third generation squarks produced directly via QCD processes as well as those produced indirectly in gluino decays, in a plethora of final states coming from a variety of decay channels oft 1 assuming specific mass relationships among g , t 1 , χ ± 1 and the χ 0 1 , assumed to be the lightest SUSY particle(LSP). The principle decay channels studied are t 1 → tχ 0 1 and t 1 → bχ ± 1 , with leptons and b jets in the final state from top quark decay. ATLAS searched fort 1 in the decay channel,t 1 → tχ 0 1 , from direct stop pair production using 8 TeV LHC data with 13 fb −1 luminosity and ruled out mt 1 between 225 GeV-575 GeV for an LSP mass up to 175 GeV [82] . ATLAS also probedt 1 in the channel t 1 → bχ
to be 5 GeV and 20 GeV. For ∆m = 5 GeV they ruled out stop masses of about 600 GeV in a corridor of lightest neutralino mass [83] . With the use of the kinematic variable M T2 , ATLAS also excluded mt 1 in the range of 150 GeV-450 GeV for the channel t 1 → bχ ± 1 , where the chargino is nearly degenerate with thet 1 state [84] . Similarly, CMS searched fort 1 in the channels t 1 → tχ 0 1 and t 1 → bχ ± 1 , and excluded it with a mass between 160 GeV -430 GeV for a LSP mass up to 150 GeV [85] .
However, when the lighter stop becomes next to lightest SUSY particle(NLSP), the stop searches at colliders are quite different and become challenging. In this scenario, the dominant decay modes are via the flavor changing decays and the four body decay [86] [87] [88] ,
Stop pair production followed by these decays leads to final states containing a heavy quark pair cc or bb respectively and are given by:
The flavor violating decay mode yields precisely two jets and missing transverse momenta(p / T ) due to the presence of χ 0 1 . The relative decay rates into the above two channels are extremely sensitive to the model parameters [88, 89] . The signal sensitivity for the four body decay channels has been studied for different parameters [90] .
For very low values of ∆m (Eq. 1) it is rather difficult to obtain a reasonable signal sensitivity. In this case, the strategies have been to look at the mono-jet + p / T [58, 59] and mono-photon+p / T final state [91, 92] . The experimental limits on these channels come from reinterpretation of the monojet searches in ATLAS and CMS [93, 94] . With the available data at 7 TeV, lighter stops of mass below about 200 GeV are excluded for the above mentioned decay channels. Thus the limits on the mass of the lightest stop from these channels are rather weak. This is because the final state objects are soft due to the low value of ∆m leading to a lower acceptance of signal events. Therefore, it is a challenging task to probe these channels for very low ∆m cases.
In this work we explore the possibility to find a signal fort 1 in the flavor violating decay, Eq. 4, resulting in a di-jet +p / T signature. Note that the flavor violating decay mode is also important in the dark matter context in the stop co-annihilation scenario [88] . The correct relic density abundance in this case crucially depends on ∆m. In analyzing this signal we apply different types of kinematic selection cuts which are described in the following sections. For the case of flavour violating decay mode, the presence of c-quarks can be exploited by tagging c-jets. It is known that tagging c-jets is not easy because of the low mass of c quark and the low decay length of the charmed mesons. However, development of a strategy to tag the c-jets, even with a modest efciency will be helpful to suppress the SM backgrounds by an enormous amount and hence needs to be pursued.
The paper is organized as follows. In section 2 a brief description of the parameter space of interest is discussed. while in sections 3 and 4 we discuss our collider strategy and results respectively along with a discussion on the stop-coannihilation dark matter scenario. Finally we conclude in section 5 .
Parameter Space
CMSSM and PMSSM
We simulate the signal (Eq.4) for the parameter space of our interest in the context of both CMSSM and the phenomenological MSSM (pMSSM) with 19 parameters [95] . The CMSSM has been the most popular model of SUSY breaking in the context of collider phenomenology and experimental searches over the last two decades. This is primarily driven by the economy of the model which requires 4 parameters and a sign, as compared to the cornucopia of over 100 parameters in the MSSM. These parameters defined at the GUT scale, include the universal scalar mass(m 0 ), the universal fermion mass(m 1/2 ) and the universal trilinear coupling A 0 , along with tanβ , the ratio of vacuum expectation values(VEV) of the two Higgs doublets and the sign of µ, the Higgsino mass parameter, at the weak scale. The sparticle spectrum at the electroweak scale is obtained by renormalization group running from the GUT scale to the electroweak scale.
It is a well known fact the Higgs mass receives a substantial quantum correction resulting an enhancement of its mass from its tree level values which is bounded by mass of Z boson, viz, M 2 H ≤ M 2 Z cos 2 2β . In order to accommodate the Higgs mass of 125 GeV in the CMSSM framework one necessarily requires stops in the multi-TeV regime or lighter stops with maximal mixing scenarios. Loop corrections can increase the tree level Higgs mass up to ∼ 140 GeV, due to stop-top loops and a large value of the triline ar coupling A t [3, 4] . However it has also been noted that such large trilinear coupling introduces a significant amount of fine tuning in the theory. On the other hand a large A 0 results in a large splitting in the stop mass matrix. This means that lighter stops are accessible at LHC energies even in CMSSM [4] . Hence it is worth investigating, in the CMSSM, the available parameter space, which provides m H 125 GeV and where we have imposed various experimental and theoretical constraints as described below.
Constraining CMSSM
With this goal, we perform a numerical scan of the relevant part of the CMSSM parameter space, varying the range of parameters such as,
and setting the top quark mass to be 172.9 GeV. We generate 5 × 10 5 random parameter points for a fixed value of tan β . We fix the sign of the Higgsino mass parameter µ to be positive. We use the SusPect [96] spectrum generator to generate the masses of the supersymmetric particles for a fixed set of input parameters along with SuperIso [97] for the calculations of the branching ratios of rare B-meson decays. We refer to a point in the CMSSM parameter space to be allowed if it survives the following constraints:
(i) The lightest Higgs boson mass M H falls in the window 122.5 GeV < M H < 129.5 GeV. Note that, owing to the small difference in the central values given by the ATLAS and CMS collaborations [1, 2] , in order to be conservative, we used the number 126 ± 2 GeV as the experimental value. In addition, we added a 1.5 GeV theoretical uncertainty following [29] .
(ii) The branching ratio (B) of the radiative decay B → X s γ satisfies the following 95% C.L. bound [98] , 2.6 × 10
The HFAG Average and the SM predictions for this branching ratio are given by [3.55 ± 0.24 ± 0.09] × 10 −4 [99] and [3.15 ± 0.23] × 10 −4 [100] respectively. We obtained the above 95 % C.L. bound after including the intrinsic MSSM uncertainty of 0.15 × 10 −4 , following the prescription given in [101] .
(iii) The branching ratio of B s → µ + µ − [102, 103] lies in the 95 % C.L. allowed range
In order to get the above range we used the CMS+LHCb average and SM predictions to be [2.9 ± 0.7] × 10 −9 [102, 103] and If a point is allowed by all of the three constraints above then the point is plotted in magenta (dark grey). A point is green (pale grey) if it satisfies only the constraint (i) but none of the other two. Note that all the points (except the red (black) points in the m 0 -m 1/2 plane) have been checked to satisfy the requirements of electroweak symmetry breaking, electric and color neutral LSP, the LEP lower bounds on the masses and other theoretical consistencies e.g., absence of tachyonic states and so on. It is worth mentioning here that the impact of the measured higgs mass on the parameter space is rather strong; the region with low values of m 0 and m 1/2 is completely ruled out by this single measurement (i). The absence of green points for tan β =10 shows that the bounds from (ii) and (iii) above are not strong enough to rule out any point which is not already disallowed by the Higgs mass. This situation changes gradually as we go towards larger tan β values as can be seen from Fig. 2 . In Fig. 2 there are many (green) points which are allowed by the Higgs mass but disfavored by the flavor physics data, in particular (iii). This happens because of the strong dependence of the branching ratios of B → X s γ and B s → µ + µ − on tan β . In fact, the dominant Higgs contribution to these branching ratios are proportional to (tan β ) 2 (for B(B → X s γ)) and (tan β ) 6 (for B(B s → µ + µ − )). This (tan β ) 6 dependence removes all the points with m 0 < 3000 GeV and m 1/2 < 1000 GeV for tan β = 50, hence we do not show them here. We would also like to point out in passing that the dominant Higgs mediated diagrams mentioned above are also proportional to the stop tri-linear coupling A t . Thus the constraints from (ii) and (iii) can be relaxed for small values of A t . On the other hand, the measured value of the Higgs mass prefers a large value of A t . Hence, there is a complementarity between the bounds coming from the Higgs mass and those coming from the flavor physics data.
In both Fig. 1 and Fig. 2 we also show (in the second row) the allowed values of mt 1 for a wide range of m 1/2 and A 0 values. In spite of the constraints discussed above, it is quite clear from these figures that even in the CMSSM, there exists regions in the parameter space where a light stop below a TeV mass scale is allowed.
Stop decay and benchmarks
While it is certainly interesting to find a large region of parameter space pertaining to lighter stops and allowed by the Higgs mass constraint, the specific mass relations in CMSSM ties our hands to a large extent. In the context of natural SUSY it is enough to consider only the third generation squarks (stops and sbottoms), the third generation trilinear couplings along with charginos and neutralinos. The rest of the spectrum is mostly unimportant and can be decoupled from this set. This rather simplified approach, in the framework of the phenomenological MSSM (pMSSM) brings out the relevant physics with the minimal number of input parameters.
The parameter space of our interest is guided by the region where the flavor violating decay t 1 → cχ 0 1 , is kinematically dominant for relatively small mass differences corresponding to Eq. 1. The decay width is given by [86, 87] ,
where the loop factor ε is directly proportional to A 2 b and tan 2 β with α being the strong coupling constant 1 .
A competing decay mode to the two body is the four body decay(t 1 → bχ 0 1 f f ) [86, 87, 89] , dominantly via an off shell chargino into fermions. The two body decay mode, which is quadratically dependent on tanβ and A b dominates over the four body decay for moderate to high tanβ . In the large tanβ scenario, the two body decay mode dominates over the four body decay mode, for similar mass differences as compared to lower tan β .
We choose two benchmark points in the CMSSM and four points in the 19 parameter pMSSM for our collider analysis. The representative points are shown in Tables 1 and 2 , indicating the relevant branching ratios and other sparticle masses. All points in CMSSM (P1,P2) and three points in pMSSM(P3,P4,P5) are chosen to have tanβ = 10. We choose one additional benchmark point with tanβ =30 in pMSSM(P6). For the pMSSM benchmarks in Table 2 , we set the first two generation of squarks and all slepton generations to 5 TeV and the gluino to 1.5 TeV as they are irrelevant for our study. The parameter M 2 is set to 900 GeV. The trilinear couplings with the exception of A t are all set to zero. The pseudoscalar mass m A is set to 500 GeV. All the benchmark points have been checked against the constraints mentioned in Sec. 2.2.
Signal and background
We simulate the collider signatures of the stop pair production (Eq .4) for the benchmark points as shown in Tables 1 and 2 in the dijet + p / T scenario and the corresponding SM background at the LHC. As pointed earlier, the final state objects like jets and p / T are expected to be soft because of low ∆m making it difficult to obtain a reasonable acceptance after cuts necessary to suppress the SM backgrounds. The signal cross section is rather small at 8 TeV and falls to ∼ 50 fb for a stop mass of 500 GeV. Most of the search strategies proposed have taken recourse to monojet + p / T or monophoton + p / T searches, where a hard QCD jet is used along with a large p / T [59] . It was demonstrated in [59] that with this strategy it is possible to use this channel for stop discovery, for stop masses up to ∼ 300 GeV at 14 TeV LHC, with 100 fb −1 luminosity. Corresponding to the signal the principal SM backgrounds that can mimic the signal process are:
• QCD : The final state is swamped by the QCD dijet events, since the QCD cross section at hadron colliders is enormous. The p / T source in this case comes from semileptonic B-decays. There are non physics sources due to mismeasurement of jets, detector noise which are out of the scope of this study.
• Z(→ νν) + jets : This makes up the irreducible part of our background that looks exactly like the signal. Although the principal part of this background is Z + 2 jets, contribution from higher jet multiplicities are not negligible if some of the jets are not identified.
• W(→ lν) + jets : This process contributes dominantly to the background when the lepton is not identified. Since the cross section for W + jets is rather large this also contributes significantly to the background.
• tt : This is primarily dominant when either the leptons from the W decay and/or some of the final state jets are not identified leading to the same configuration as the signal. Table 2 : Masses of some of the sparticles for the benchmark points in the pMSSM scenario. In all cases , the remaining parameters are as described in the text. All energy units are in GeV.
• WW : This process contributes to the background when one W decays hadronically while the other leptonically.
• WZ : This again contributes substantially to the background when W decays leptonically and Z decays hadronically with the lepton not being identified, or when Z decays to νν and W hadronically.
• ZZ : This irreducible background mimics the signal in the situation Z(→ νν)Z(→ qq).
We simulate the signal and the background processes tt, WW,WZ,ZZ using PYTHIA6 [104] . For the background processes W/Z+jets, parton level events are generated using ALPGEN [105] and subsequently passed on to PYTHIA6 for showering and hadronization. Jets are reconstructed using FastJet [106] with anti-k T [107] algorithm setting a size parameter R=0.5. Jets are selected with the following criteria,
MLM matching [108] is performed while showering parton level events using PYTHIA for W/Z+ jets with a matching cone of ∆R =0.7 and a jet p T threshold of 30 GeV within |η| ≤ 2.5. We use CTEQ6L [109] as parton density function(PDF) from the LHAPDF [110] package and set Q 2 =ŝ. Leptons are selected with,
which are used to veto events. In order to suppress these backgrounds, in particular the large QCD di-jet background, we use kinematic variable,
where p j 2
T is the transverse momentum of the second hardest jet and m jj T is the transverse mass of the two jet system [111] . It can be observed that for pure dijet events, without any hard p / T like QCD, the jets are back to back in the transverse plane. Therefore the minimum value of m j j T in the limit when jet masses can be ignored turns out to be 2p j T and thus the distribution of α T has a sharp end point at 0.5. However for dijet events in association with a significant amount of p / T , as is the case for the signal in Eq. 4, the two jets are not back to back, leading to large values of α T . We present the α T distribution for signal and background in Fig. 3 subject to the jet selection cuts ( Eq. 8) along with lepton veto. The signal process is for P2 in Table 1 with mt 1 , m χ 0 1 masses of 331 and 306 GeV respectively. The number of events generated to construct these plots correspond to the fourth column in Table 3 (8 TeV) . It can be seen in the figure, that as predicted, the QCD process has a sharp fall at ≈ 0.5 and therefore we impose a selection cut [111] ,
In addition we also use the kinematic variable M T 2 [112, 113] defined as,
the minimization being performed over p /
T are all possible partitions of invisible transverse momentum(p / T ), which is due to the presence of LSP for signal and neutrinos for SM backgrounds. Here χ is the invisible particle whose mass (M χ ) is an unknown parameter. The kinematic variable transverse mass(M T ) between the jet and the accompanying missing particle is,
where p j T is the transverse momentum vector of the jet and E j T the corresponding energy, while p χ T is the missing transverse momentum (p / T ) vector.
Since the maximum value of M T is restricted to the mass of the parent particle, M T 2 is also expected to be bounded by the respective parent particle mass. Here M T 2 is calculated by setting M χ =0 without any loss of generality [114] . This assumption is clearly valid for SM processes where the missing momentum is mainly due to neutrinos. Furthermore, we found no significant difference to the population of events near the end points for the signal with massive χ when we make this assumption. However, there may be a difference in acceptance for the two cases which we will consider as a systematic uncertainty in the acceptance efficiency. In the SUSY processes where the parent particle( t 1 ) is heavier than SM particles, the tail in the M T 2 distribution is expected to extend up to a larger value. This variable thus provides an excellent handle to suppress the remainder of the background rates.
In Figure 4 , the signal and background distributions for M T2 are displayed for 8 (left) and 13(right) TeV LHC energies. The distribution is subject to a di-jet criteria along with a lepton veto with jet and lepton selection criteria(Eq.8 and 9) . The signal distribution displayed in the figure corresponds to the benchmark P2 in Table 1 . The number of events generated to construct these plots correspond to the fourth column in Tables 3 (8 TeV) and 4 (13 TeV).
We observe that for the signal process at 8 TeV the tail extends beyond the background processes and further reaches beyond the stop mass while for the background the end point of the distributions correspond to lower values of M T2 . As the missing energy in Z+jets comes from Z decaying to a pair of neutrinos from the same side of the configuration, the M T2 distribution is not expected to have an end point at the Z mass which is reflected in this plot [114] . In case of tt background and the signal also, the distribution extends beyond the expected end point at the parent particle mass. The contribution of events in this region is dominantly due to the jets from hard radiations, in particular from final state radiations [114] . This phenomena is more evident at 13 TeV energy where objects are kinematically heavily boosted. By observing the distributions, we apply a cut at, M T 2 > 130 GeV(250 GeV) for 8(13) TeV.
This fact can be exploited to suppress backgrounds when the signal is in unfavourable condition kinematically (eg. for small ∆m). For example, for very small ∆m,t 1 mostly decays invisibly, and hence M T 2 constructed out of this hard p / T and jets originating from initial and final state radiation(ISR/FSR) which are un-correlated with the p / T has a much larger tail. For larger values Table  1 . The number of events generated correspond to the fourth column in Table 3. of ∆m, the longer tail is not observed due to the fact thatt 1 will have both visible and the invisible (LSPs) decay products for which the which momenta are correlated. In Fig.5 we present the distribution for these two cases, with ∆m =10 and 140 GeV. Clearly M T 2 gives some handle to recover sensitivity for the low ∆m scenario. It is to be noted here also that for the case ∆m = 140 GeV, the decayt 1 → bW χ 0 1 may open up, competing with the flavor violating decay mode. Clearly the flavour violating decay mode with very low ∆m have some benefits due to ISR/FSR effects. However, it is clear that these effects have a dependence on the models employed in the event generators. Therefore, in order to understand its effect in our signal sensitivity in a more precise manner one needs to do more detailed investigation which is postponed to a future work.
Finally, considering signal and background characteristics, we use the following cuts to suppress the backgrounds.
• Lepton Veto (LV) : In the signal process leptonic activity is absent. However background processes like tt, W+jets, WW,WZ contain a significant fraction of leptons from W/Z decays accompanied by p / T . The use of lepton veto thus helps to suppress the backgrounds efficiently. Leptons are selected using cuts described in Eq. 8.
• 2 jets (2J) : We select exclusively dijets with the jet p T thresholds as described in Eq. 9. Note that after the lepton veto, the tt background contribution is expected to be rich in hadronic activity and have more than 2 jets in the event. Hence a strict imposition of the dijet criteria is expected to reduce the background coming from the tt, W/Z + jet processes.
• b-jet veto (bJV) : This veto is extremely efficient in suppressing the top background. The bjet identification is implemented by performing a matching of the jets with b quarks assuming a matching cone ∆R(b, j) = 0.2.
• α T ≥ 0.55 as discussed in Eq. 11. Table 1 . The number of events generated correspond to the fourth column in Tables 3 (8 TeV) and 4 (13 TeV).
• M T2 ≥ 130 GeV (250 GeV for 13 TeV) as given by Eq. 14.
• p / T /H T ≤ 0.9 : For signal processes we expect this ratio to be less than 1, while in background processes this is expected to be close to 1. The difference in azimuthal angle between the two jet system and missing energy in signal and background being primarily responsible for this behaviour. We find that this selection is extremely effective in suppressing the tt background.
At the end, we explore the possibility of an improvement by somehow tagging charm jets which are a part of the signal. The identification of charm jet is quite challenging. Recently however, attempts have been made to measure W + c jets cross-section where c-jets are identified [115] . Note that the channelt 1 → cχ 0 1 , has been recently searched by ATLAS by trying to identify charm jets in the final state [116] . Although the method we employ is rather simplified, it still points out that charm like jet identification can prove to be extremely effective in this case. To identify charm jets we match jets with charm quarks, using a matching cone of R=0.2. To find the presence of charm jets one can further check the presence of D-meson among the jet constituents, which we postpone to a future work.
Results
Simulating the signal and background processes using the selection cuts as described above, we present results for 8 and 13 TeV LHC energies in Tables 3 and 4 respectively. The first four columns present the processes(Proc), the masses of the lightest stop(mt 1 ) and LSP(m χ 0 1 ), the cross section(C.S), and the number of events generated (N) for each process respectively. We compute the next to leading order signal cross section using PROSPINO [117] . The subsequent columns display the cumulative effects of cuts, as normalized cross sections (production cross section multiplied by cut efficiency) . In the penultimate column the cross sections after all cuts are presented. Table 3 : The cross sections(fb) for signal and backgrounds after each cuts for 8 TeV LHC energy. The last two columns present normalized cross section(fb) after all cuts without and with identification of c-like jets respectively. All energy units are in GeV.
The top and the QCD backgrounds are simulated by slicing the entire phase space intop T bins, wherep T is the transverse momenta of the produced partons in the partonic frame. In both Tables we notice that the combined effects of lepton veto, b-jet veto and the dijet criteria (LV+2J+bJV) reduces the top background by an enormous amount (∼ 95%) while reducing the signal process by about a third. As pointed out earlier, the α T cut successfully isolates the entire QCD background as expected. For the sake of simplicity we have quoted numbers corresponding to only onep T bin for QCD. The rest of the backgrounds, particularly from top and the WW/WZ/ZZ are also suppressed by a significant amount, costing a significant fraction of signal cross section as well. The M T2 cut, as pointed out, removes a substantial fraction of tt, WW/WZ/ZZ as well as W/Z+jets processes. Clearly the M T 2 cut plays an important role in isolating backgrounds efficiently. Finally the cut p / T /H T suppresses the WW/WZ/ZZ backgrounds and brings it down to a negligible level. Even after a huge suppression of the irreducible backgrounds W/Z+2,3 jets, the remaining fraction is non negligible because of the large production cross section. Note that even after suppressing the SM backgrounds substantially, since signal cross section is miniscule, the prospects of discovering a signal at 8 TeV LHC is very limited. In the last column cross sections are presented requiring that out of the two jets in the final state one is a c-like jet. As mentioned earlier, c-like jets are identified by naively matching partonic c-quarks and reconstructed jets. Clearly, it shows that identification of c-like jets does help in reducing the background to a large extent. This happens as the signal is likely to have a larger fraction of identified charm jets than the background. At 13 TeV the results improve significantly as can be seen from Table 4 . The larger stop pair production cross section significantly helps in enhancing the event rates. On the other hand an increased boost in the system helps to effectively use the M T 2 variable by applying a much larger cut value of 250 GeV to isolate the backgrounds. As can be observed from the right panel of Fig 4, a cut of 250 GeV is extremely effective in suppressing the irreducible Z+jets background. We observe from the last column of Table 4 that at 13 TeV energy, the signal and background cross sections are comparable as compared to 8 TeV where the background cross sections are dominant. Table 5 summarizes cross sections of the signal and background after all cuts for 8 and 13 TeV LHC energy. The tt cross section has been multiplied in the table by a k factor of 2 to take into account NLO effects [118] . Note that the k-factors for W/Z + jets processes are very close to 1 [119, 120] , and hence do not change our results significantly. From Table 5 we find that at 8 TeV the total background is 70.6 fb in which the dominant contribution comes from W/Z + jets, while the signal cross section varies from 2.1 fb for P1 to 0.04 fb in P6. Therefore for P1 with 20 f b −1 luminosity we obtain S/ √ B = 1.1, while the significance drops substantially with the increase of mt 1 . At 13 TeV the total background cross section turns out to be 2.6 fb while the signal cross section varies from 4.4 fb in P1 to 0.1 fb in P6. Thus for the points P1 and P2 we obtain S/ √ B = 6.1 and 4.4 respectively for 5 f b −1 which implies that P1 is discoverable while an evidence of a signal can be obtained even with low luminosity options for P2. With 100 f b −1 luminosity we find that the benchmarks P3 and P4 have significance values of 4.7 and 4.3 respectively.
With this strategy we attempt to explore the sensitivity in ∆m for various values of mt 1 at a given luminosity. We present our findings in Fig. 6 where the accessible region below the curves are shown in the mt 1 − ∆m plane for two luminosity options 5 fb −1 and 100 fb −1 with S √ B ≥ 5. This plot is presented with the assumption of BR(t 1 → cχ 0 1 ) = 100%, holding the rest of the parameters fixed as described in section 2. The plot is obtained by a parameter space scan in the mt 1 − ∆m plane with a grid spacing of 20 GeV on the mt 1 (X)-axis and 5 GeV on the ∆m (Y)-axis. We find that even for low luminosity a light stop up to a mass of ∼ 350 GeV could be explored for ∆m = 20GeV . As mentioned earlier this search strategy is very sensitive to lower values of ∆m and it is reflected in the figure. For a luminosity of 100 f b −1 we find that a light stop up to a mass of 450 GeV can be probed for ∆m as low as 35 GeV. The solid horizontal line demarcates the kinematic region mt 1 < m t + m χ 0 1 , over which the the decayt 1 → tχ 0 1 opens up and dominates. Table 5 : The signal and backgrounds cross sections(cs) for benchmark points. The signal significances(S/ √ B) for different energies and luminosities are also shown.
Implications for dark matter
In scenarios with a small stop-neutralino mass splitting and a bino(B) LSP, stop-coannihilation can play an important role in determining the relic dark matter abundance. This is the case especially for small ∆m, i.e, where the decayt 1 → cχ 0 1 is dominant. Hence it is important to investigate the implications of our studies for probing the stop coannihilation scenario at the LHC.
The relic density crucially depends on the stop-neutralino mass difference as well as on other parameters that will be discussed in the next paragraph. For the benchmarks considered, the value of the relic density as shown in Table 6 is either above (P1,P3,P6) or below (P2,P4,P5) the central value for PLANCK, Ω DM h 2 = 0.1199 [121] . However it is well known that the value of the relic density in coannihilation scenarios depends critically on the NLSP-LSP mass difference, hence a small decrease (increase) in the stop-neutralino mass difference will lead to a large decrease (increase) in the value of the relic density. We have therefore searched for modified benchmarks for which the relic density was in agreement with the central value of PLANCK. For this, we vary only the mass of the lightest neutralino by changing M 1 , while keeping all other parameters of each benchmark P1-P6 to their value at the EWSB scale. The modified benchmarks, P1'-P6', with Table 6 : Relic density for the benchmarks P1-P6 and the modified benchmarks P1'-P6' the corresponding stop and neutralino masses are listed in Table 6 . The relic density is calculated using micrOMEGAs3 [122] . Furthermore, their position in the ∆m − mt 1 plane is displayed in Figure 6 . We find that for the benchmark points that satisfy the PLANCK constraint our search strategy works very well indeed. We achieve reasonable sensitivity for stop masses below 400 GeV with an integrated luminosity L = 100 fb −1 at 13 TeV LHC as can be seen in Fig. 6 . In fact the 5σ significance contours for L = 5 fb −1 even covers the relevant ∆m for stop masses below 280 GeV.
A few comments are in order to ascertain the generality of this result since the relic density depends not only on the stop-neutralino mass difference but also on the nature of the neutralino LSP, the nature oft 1 (whether it is dominantly LH or RH), and on the value of M A . First note that the mass splittings associated with the modified benchmarks of Table 6 are typical of scenarios where the LSP is a bino, and these are precisely the ones where stop coannihilation plays an important role in obtaining a low enough relic density. Second, the mass splitting required to satisfy the PLANCK constraint -for a given stop mass -should depend on whether the stop is LH (P3'-P6') or RH (P1'-P2'). The reason is the following: co-annihilation processes suchχ 1t1 → tg,th have a larger cross-section for a RH stop than for a LH stop of the same mass since the coupling to the bino LSP is proportional to the top hypercharge (which is larger for the RH top/stop), hence one would expect the required ∆m to be larger for a RH stop. Furthermore the QCD processes involving pairs of squarkst 1t1 → tt,t 1b1 → tb... which are more important for LH stops involve two Boltzmann suppression factors 2 , therefore the mass splitting required is smaller. However since the Boltzmann factor varies rapidly with ∆m, in the end there is only a few GeV differences between the case of the RH and LH stop. For example for benchmark P2', the required mass splitting would be ∆m = 29GeV for a dominantly LH stop instead of ∆m = 37GeV for a RH one. Finally, the pseudoscalar mass, M A , can also be a relevant parameter. For P1' and P2' it is set by CMSSM boundary conditions and is rather high hence plays no role in neutralino annihilation while for P3'-P6', it is set to 500 GeV. A higher value of M A would not affect our collider search strategy and the relevant branching ratios oft 1 → cχ 0 1 . However it would imply smaller mass differences than the ones listed in Table 6 , and hence would easily be covered by our search strategy. We can therefore safely conclude that the channel investigated here can probe the stopcoannihilation scenario for stop masses up to at least 400 GeV. 1 to be 100 % for 13 TeV LHC energy. The black (broken) line corresponds to m t = 172.9 GeV and is the kinematic limit fort 1 → t + χ 0 1 . The dark matter allowed points P1'-P6' corresponding to Table 6 are denoted by the black (solid) dots.
Conclusion
In this study we perform a comprehensive analysis of the collider search prospects of the flavor violating decay of the stop quark, namelyt 1 → cχ 0 1 . Such a scenario is well motivated in the context of natural SUSY as well as from the dark matter perspective of stop co-annihilation. It had been earlier observed that this channel is rather difficult to probe due to the low mass difference between the stop quark and the lightest neutralino. The principle background to this channel arises from QCD, tt and Z(νν)/W(→ lν)+jets final state. We use the kinematic variables α T and M T 2 to effectively suppress these at 8 and 13 TeV LHC. At 8 TeV, the level of background is still high and we are limited by low stop pair production cross section. We find that our strategy is far more effective at 13 TeV due to the increase in cross section and efficient use of the kinematic variables. We observe that it is possible to discover light stop quarks up to a mass of ∼ 450 GeV with 100 f b −1 luminosity at 13 TeV LHC energy for low values of ∆m and even for the case when thet 1 and χ 0 1 are almost degenerate. We observe that for very low ∆m case, the loss of acceptance because of soft visible particles in the final states is compensated by ISR/FSR effects through M T2 selection. The result improves significantly when one attempts identifying charm jets both at 8 and 13 TeV LHC. We also show the discoverable region in mt 1 − ∆m plane assuming the branching ration of t 1 → cχ 0 1 to be 100%. This is an useful information in the context of DM via stop co-annihilation. Our analysis shows that a good region of the parameter space relevant for the stop -coannihilation scenario can be probed at 13 TeV LHC energy.
